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“'vTh#  design  of  eh«  high  lift  system  haa  a profound  effect  on  tha  altlnq  and  total  parforaanca  of 
tram  port  aircraft,  both  civil  and  ailitary.  The  purp04S--crg>  jhia  pap~v  4a — td?  flrat  reviews  the 
fundamental*  of  high-lift  syste^iYUeign  and  tha  phsnoamna  that  govern  thair  parforaanca.  A review  of 
tha  computational  methods  available  to  tha  high  lift  designer,  with  examples  of  thair  "alldliy,  is  then 
presented.  New  davalopsMnts  in  flow  diagnostic  t*chni(;u«s  ar*  reviewed,  finally,  aaaaplaa  of  several 
Boeing  high-lift  design  effortc  are  presented.  Fuphoaia  is  placed  on  the  uae  of  computation* l 
aerodynamic  methods  and  the  synerpiatic  effect  of  using  those  methods  in  parallel  with  testing.  Finally 
a liar,  of  todaye  tew  suit  important  iaauea  is  presenred. 
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INTRODUCTION 


It  hac  been  e dvesde  since  A.H.O.  Smith,  than  of  the  McDonnel l-Dougle*  Aircraft  Corporation, 
proeentgd  his  Wright  Brothers  Lecture1  entitled  "High-Lift  Aerodynamics"  (based  on  an  earlier  AUAHO 
Lecture-*)  to  the  American  Institute  of  Aeronautics  and  Astronautics.  In  the  flood  of  technical  paper* 
which  have  documented  the  extraordinary  progress  of  aeronautical  science  over  the  pest  forty  years, 
A.H.O.  Smith's  paper  stands  a*  e true  classic.  In  addition  to  greatly  clarifying  the  physics  of 
important  aspect*  of  hlgh-ilft  aerodynamics,  Smith  clsarly  set  tU«  stags  for  such  of  th#  subsequent  work 
in  this  discipline. 

Th#  history  of  High-lift  technology  can  be  traced  in  the  application  of  high  lift  devices  on  Boeing 
aircraft  ovar  the  past  forty  year*  shown  in  Figure  1.  Since  the  author*  have  been  involved  in  at  least 
pert  of  this  development  *t  Boeing,  we  necessarily  approach  our  subject  from  mat  somewhat  parochial 
viewpoint.  A*  will  b«  described  in  later  sections  of  this  paper,  much  of  the  progress  demonstrsted  in 
PI  cure  I.  was  achieved  by  a process  Lest  chsrscterlaed  r-  "enlightened  cut-end-try ."  This  was  aided  in 
its  later  phases  by  slowly  improving  but  still  fat. elementary  analytical  methods.  Testing  was 
conducted  almost  ontsersel'y  in  wind  tunnels  operating  at  Beynolds  numbers  et  least  an  order  of 
siagn. tilde  lover  thVh  actual  flight  conditions,  Such  has  been  tha  general  state  of  affaire  until  very 
recently  throughout  the  induatry. 


Fiffun  I.  Tnndt  In  Boilng  Tr import  Hiih-Ult  Syitim  Dewloprrunt 


Advances  over  th«  pad  fifteen  yeats  in  both  computational  method*,  including  use  o£  inveree 
method*,  and  experimental  flow  diagnostic  technology,  have  made  possible  a high  lift  system  design 
process  quite  different  than  that  which  has  relied  largely  on  experience,  intuition  and  experimentation 
alone.  The  further  development  and  enhancement  of  this  modern  high-lift  design  process  is  one  of  the 
major  issues  referred  to  in  the  title  of  this  paper. 

There  were  several  objective*  in  preparing  this  paper.  These  include: 

• A review  of  soma  of  the  factor*  which  influence  the  design  of  modern  transport  aircraft  (both 
civil  and  military)  and  the  effect  of  high-lift  system  performance  on  the  overell  design  of 
such  aircraft. 

• The  assessment  of  progress  in  the  understanding  and  methodology  development  which  has  occurred 
in  the  decade  since  A.H.O.  Smith  presented  his  classic  AIAA  Wright  Brothers  Lecture. 

• The  demonstration  of  a modern  approach  to  the  solution  of  selected  practical  high-lift  system 
design  problems. 

a To  list  the  major  issuaa,  both  practical  and  theoretical,  which  still  confront  the  high-lift 
aerodynamic  is t as  perceived  by  the  authors. 


As  numarous  authors  have  pointed  out,  the  topic  of  high-lift  aerodynamics  covers  an  enormous  range 
of  flight  vehicle  type*  operating  under  a wide  range  of  Mach  snd  Reynolds  number  condition.  While  the 
entire  topic  holds  a fascination  for  tha  authors,  it  is  necessary  to  limit  the  scope  of  this  paper  to 
high-lift  issues  relating  specifically  to  transport  aircraft  during  "normal"  take-off  and  landing. 


H1CH-UFT  AERODYNAMIC  ISSUES 


The  fundamental  issues  to  be  addressed  in  this  paper  are: 

e Reccrnlring  that  maximizing  the  maximum  lift  coefficient  is  a simplistic  view  of  the  hign-life 
system  design  problem,  what  are  the  appropriate  high-lift  system  aerodynamic  design  criteria 
for  the  anticipated  range  of  moderate-to-large  sized  transport  aircraft? 

* In  the  light  of  our  present  theoretical  understanding,  how  much  practical  performance,  in 
terms  of  maxiawm  lift  coefficient,  remains  to  be  extracted  from  a truly  optimized 
"convent lonal”  high-lift  system  i.e.  one  which  relies  on  passive  boundary  layer  control  based 

on  geoswtry  alone? 

e What  tools  are  available  to  design  practical,  efficient  high-lift  systems,  and  what  additional 

tools  do  we  need? 

Before  addressing  any  of  the  questions  listed  above,  it  is  useful  to  compare  and  contrast  the 
general  design  objectives  and  constraints  of  military  snd  civil  transport  aircraft,  particularly  as 
these  factor*  nay  influance  the  designer's  options  regsrding  high-lift  system  design.  A partial  summary 
listing  of  these  design  objectlvas/constralnts  is  presented  in  Table  l. 

In  reviewing  the  criteria  listed  in  Table  l,  it  should  be  noted  that  the  general  civil  transport 
aircraft  design  problem  Is  driven  largely  by  economic  considerations  with  sn  equally  strong  concern  for 
safety.  Thus,  the  design  Is  generally  optimized  first  and  foremost  for  cruise  efficiency.  The 
objective  of  the  co*q>l*snntary  high-lift  design  effort  is  to  produce  s system  which  will  allow  a cruise 
optimised  configuration  to  adequately  meet  take-off  and  landing  requirement*  safely  and  reliably.  It 
should  also  be  noted  that  in  normal  cocsaerclal  operations,  the  operating  environment  is  relatively 
benign  (aside  from  metsrologlcal  considerations)  involving  paved  runways,  adequate  to  excellent  air 
traffic  control  end  landing  aides,  snd  wall  established  maintenance  facilities. 

The  military  transport  airplane  designer  appears  to  face  a somewhat  different  problem.  In 
principle,  the  dominant  design  criterion  Is  successful  mission  accomplishment.  While  basic  economic 
criteria  such  as  range,  payload  and  cruise  speed,  a*  an  index  of  productivity,  play  important  roles  in 
layout  end  sis  Inf,  mission  accomplishment  slaniltaneously  places  very  heavy  demands  on  the  high-lift 
eyatem  designer.  In  this  cess,  mission  accomplishment  may  require  that  the  aircraft  be  able  to  operate 
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Table  1.  Transport  Aircraft  Design  Objectives  and  Constraints 


from  battle  damaged  and/or  primitive  airfields!  sometimes  in  a hostile  environment.  In  exchange  for 
these  more  demanding  criteria,  the  military  high-lift  systems  designer  has  more  system  optione  at  his 
disposal  in  that  presently  "difficult  to  certify"  powered  lift  schemes  become  viable  - if  they  can  be 
shown  to  be  sufficiently  reliable,  maintainable  and  insensitive  to  battle  damage. 


It  is  perhaps  ironic  that  in  the  extended  "peacetime"  environment,  many  of  the  civil  aircraft 
design  criteria  play  a larger  role  in  military  design  requirements  than  may  be  fully  appropriate.  As 
examples  one  may  cite  budgetary  constraints  which  demand  low  initial  cost  biasing  the  design  in  favor  of 
minimum  size  and  weight  and  low  fuel  burn  to  minimize  routine  operating  and  training  flight  costs.  Also 
increasing  concern  for  community  acceptance  carries  potential  performance  penalties  in  terms  of 
concessions  for  noise  reduction  and  engine  emissions.  The  longer  military  transport  aircraft  serve  the 
function  of  contributing  to  maintaining  peace,  the  more  civil  type  design  criteria  become  important  in 
the  overall  balance. 

The  discussion  so  far  indicates  that  while  the  basic  design  criteria  for  civil  and  military 
aircraft  arc  somewhat  dissimilar,  the  high-lift  system  design  problem  still  resolves  into  several  common 
issues.  Fundamentally,  the  high-lift  system  must  allow  the  aircraft  to  achieve  adequate  performance  - 
both  at  landing  and  take-off  (Fig.  2 & 3).  Experience  indicates  that  for  CTOL  aircraft  the  dominating 
factor  for  take-off  is  climbout  L/D  and  for  landing,  As  shown  in  Fig.  4,  approach  speed  has  a 
value  in  itself,  not  only  as  a performance  variable,  but  as  an  important  safety  factor.  Even  though  the 
level  is  dependent  on  the  operational  environment  and  level  of  technology  the  general  trend  holds  true. 
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Figure  4,  Influence  of  Aircraft  Approach 

Speed  on  Carrier-Landing  Accidents 


Figure  0.  Lending  Profile 


Finally,  it  i*  obvious  ghat  whather  the  primary  concern  i*  safety  end  carti fiabil ity,  or  mission 
accomplishment , the  high-lift  eyetea  must  be  reliable,  Thu*  the  strong**!  bias  must  be  in  favor  ot 
• iaplUity.  lo  both  the  ctvtl  end  aiiitery  ceee,  aeinteinebility  iapliee  availability,  end  simplicity 
he*  * eery  «troag  leverage  on  the**  factor*.  Vulnerability  to  battle  deaege  i*  intrin*ic  in 
aechenically  coaplea  eyeteaa,  and  the  attraction  of  a very  large  nuaber  of  aeehanically  complex 
*ogmanied/pover«d  lift  aeheme*  begin*  to  vanilh  deapit*  the  potentially  large  increaent*  in  lift 
*chiev*bl*  with  such  *y*tea*  under  benign  condition*. 


TMg  INFLUENCE  OP  WCH-Lirr  SYtTIM  PERFORMANCE  ON  TRANSPORT  AIRCRAFT  112 INC 


Having  di*cu**ed  in  general  terae  the  objective*  and  conttraint*  on  ci>‘ll  and  aiiitery  transport 
aircraft  deaign,  it  now  reaain*  to  daannatreta  in  aora  detail  how  high-lift  ayatea  performance  aay 
influence  the  ailing  of  auch  aircraft.  While  a coaprehena ive  diacuaaion  of  thl*  topic  t*  far  beyond  the 
acope  ot  thla  paper,  two  examples,  one  civil  and  on*  aiiitery,  will  aerve  to  illuatrat*  the  complex 
trade*  to  be  aade  in  aelecting  an  appropriate  high-lift  ayatea  for  auch  aircraft. 


Aa  Eangy  IflkWai  Tneepnn 

The  flrat  exaeple  aelected  la  baaed  on  work  for  the  NASA  Energy  Efficient  Tranaport  EET  program 
(ret  3 4 4).  Hoat  of  the  anelyal*  and  deaign  method*  uaed  In  thla  atudy  were  developed  under  Boeing 
Independent  Reaearch  and  Development  (IR4D)  fund*  and  will  be  deacribed  in  aome  detail  in  later  aections 
of  thl*  paper.  The  intent  of  the  preaent  diacuaaion  l*  to  deaonatrat*  the  dominant  high-lift  ayaten 
requirement*  which  emerge  in  the  coura*  of  a typical  preliminary  deaign  exerciae  for  a modern  commercial 
tranaport  airplane. 


Typically  the  wing  for  a new  deaign  la  aiaad  to  aaclafy  cruiae  consideration*,  Including  initial 
cruise  altitude,  cruise  Mach,  buffet  margin,  etc.,  and  low-speed,  high  lift  consideration*  such  as 
approach  speed  and  takeoff  field  length. 


The  results  of  a typical  "thumb  print"  analysis  of  the  Boeing  baseline  EXT  configuration  (Fig.  5) 
is  summarised  in  Fig  6.  In  the  study,  ail*  consequence*  of  three  discrete  optimisation  indicia'*  were 
explored.  These  were: 

e minimum  take-off  gross  weight  which  would  presumably  result  in  an  aircraft  of  minimum  airframe 
acquisition  coat. 

* Minimum  block  fuel  burned;  of  major  interest  to  the  SET  program. 

* Minium  direct  operating  coat  (OOC);  the  traditional  indrx  of  interest  to  airline  operators. 


The  conclusions  drawn  from  the  results  ahown  in  Figure  6 were: 

e loth  the  minimum  weight  end  minimum  DOC  design  points  were  very  far  sway  from  the  minimum  fuel 
burn  design  point.  The  minimum  block  fuel  airplane  required  a much  larger  wing  and  angina* 
Chen  either  the  minimum  DOC  or  minimum  weight  designs. 

• A conservative,  state-of-the-art  double-slotted  f lap/verieble  camber  Krueger  leading  adg* 
high-lift  eyetem  more  than  adequately  met  approach  speed  and  landing  field  length  requirements. 

e The  dominant  constraint  on  eiaing,  leading  to  a compromise  deaign  point  skewed  in  fevor  of  th* 
minimum  block  fuel  condition,  was  take-off  field  length  (end  hence  take-off  lift-dreg  rttio) 
followed  very  cloooly  by  a nominal  12,000  ft.  ongino-out  altitude  constraint. 

From  this  study  it  it  clear  that  a priori  assumptions  regarding  high  lift  aystam  performance 
requirement*  for  a new  deaign  are  tneppropf lott.  Caro  must  be  taken  to  evaluate  the  ranga  of  conditions 
(take-off,  lending,  initial  climb,  etc.)  in  which  high  lift  system  performance  me?  be  critically 
Important  befor*  investing  much  resource  In  developing  a high  lift  system. 


y-s 


A Mtitaay  ttanvHaul  Tuf  an  (U8T) 


Thi»  will  u»«  result*  fro*  « feasibility  study  for  a Kadlua  STOL  Transport  (MST)  which  led 
to  (ha  Advanced  Medium  STQl  Tranaport  (AH8T)  program  under  which  the  Boeing  YC-14  and  HcDonnell-Dougle* 
YC-IJ  ware  davalopad.  The  fundamental  parfonaanca  requirements  ware  that  the  airplane  fly  a radlua 
alaaloo  with  a 28,000  pound  payload  operating  Into  and  out  of  a 2,000  foot  long  airfield  at  the  mission 
midpoint.  The  field  waa  aaauwad  to  have  an  elevation  of  2500  feat  and  an  aablant  temperature  of  93°F. 
Operation  had  to  conalder  failure  of  the  moat  critical  angina  during  takeoff  and  landing.  In  addition, 
the  aircraft  had  to  carry  36,000  pound*  of  payload  for  2600  nml  While  operating  from  longer  runway*. 

One  of  the  fundamental  conalderationa  waa  aalaction  of  a high-lift  ayatam  concept.  Figure  7 ahow* 
' **P  °*  airplane  deeign  solution*  for  the  daalgn  radlua  micaion  for  a four  angina  airplane  ualng  a high 
lift  iyitit  having  * aaxiaua  lift  coefficient  of  4*0*  Suparimpoiad  on  this  map  are  takeoff  and  landing 
field  length  and  anglna-out  climb  gradient  limit*.  Tha  aalactad  daalgn  la  the  loweat  takeoff  groaa 
weight  aolution  aatiafying  all  of  the  daalgn  conatrainta. 
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Figure  8.  Effect  of  Lift  Capability  on  MST  Design 


Thia  procaaa  can  be  repeated  for  high  lift  ays  torn*  having  varying  lift  capability  accounting  for 
the  obvioua  fact  that  the  weight  of  a high  lift  ayatem  increasea  as  its  maximum  lift  increases.  These 
results  sre  shown  in  Figure  8.  The  design  point  determined  from  Figure  7 is  noted.  Airplane  size  for  a 
2000  foot  mid-point  field  length  continuea  to  decrease  as  maximum  lift  coefficient  is  increased  up  to 
°L  MAX  of  ■bout  6<0-  However,  the  wing  volume  available  for  fuel  tankage  to  fly  the  deployment 
mlsaton  now  becomes  a limit.  The  selected  design  had  a Cy,  of  5.5  and  a design  gross  weight  of 
235,000  pounds.  This  study  was  conducted  in  1976  with  the  propulsion  snd  aerodynamics  technology 
available  at  that  time.  If  it  were  repeated  today  the  results  would  differ  but  the  process  by  which  the 
airplane  waa  sized  and  the  high  lift  ayatem  selected  would  remain  the  same. 

THE  LIMITS  OF  HIGH  LIFT 

. Before  assessing  the  state  of  high  lift  aerodynamics,  it  is  useful  to  establish  an  "upper  bound" 
against  which  one  can  compare  the  "practical"  limits  in  design.  A.M.0.  Smith  discussed  these  limits  a 
dscada  ago  and  it  is  merely  necessary  to  summarize  his  discussion  with  the  inclusion  of  Figure  9. 
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..  a11?*  h*n*  ild#  °*  Fi*urt  9 ■hovt  A number  of  theoretical  two-  and  cnree-dimens iona)  bounds 
which  have  been  davaloped  for  maximum  lift  generating  capability  of  "ideal"  configurations.  The  right 
hand  side  ahowa  aeveral  of  the  practical  factors  which  miy  severly  limit  achievable  performance.  In 
addition  to  obvioua  limits  imposed  by  viscoaity,  compressibility  and  mechanical  constraints  on 
two-dimensional  sections,  further  losses  are  incurred  in  applying  such  sections  to  three-dimensional 
configurations.  These  effect*  include  the  adverse  influence  of  wing  sweep,  the  fact  that  the  entire 
wing  apan  of  moat  practical  configurations  cannot  bs  taken  up  with  idealized  high-lift  ayatems,  and  the 
existence  of  necessary  aupportlng  structure*  which  may  produce  local  interference  and  boundary  layer 
contamination  effecta.  Beside*  reducing  the  lift  the**  factor*  alio  tend  to  increase  drag,  and  the 
affect*  oh  achiavad  llft-to-drag  ratio  for  • typical  transport  are  demonstrated  in  Figure  10.  The 
Influence  of  wlnjt  sweep  on  the  achieved  maximum  lift  performance  of  a variety  of  modern  transport 
aircraft  with  conventional  hlgh-llft  system*  is  shown  as  a function  of  high-lift  ayatem  complexity  in 
Figure  11. 


Figure  10  Potenti*/  Performance  Improvement  tor  Figure  1 1.  Statistical  Analysis  of  Maximum  Lift  Coefficient  for 

Mechanical  High-Lift  Systems  Transport  Aircraft 

If  one  now  plot*  (Figure  12)  the  theoretical  limit*  specified  in  Figure  9 and  identifier  the  region 
of  maximum  lift  coefficient  achieved  with  unpowered  high-lift  syatema,  one  aee*  the  huge  gap  between 
achieved  level*  and  the  theoretical  limit*.  It  ia  here  that  powered  lift  *cheoe*  have  application.  A 
very  u»eful  discuaaion  of  chi*  range  of  powered  lift  acheme*  ia  presented  by  Fo»ter  a*  a companion 
piece  to  A.M.O.  Smith'*  discuaaion.  A recant  paper  by  Loth  & Boasaon9  provides  an  update  on  Foster's 
discussion  in  addition  to  providing  a description  of  practical  STOL  aircraft  operational  rec jireoents 
vis-a-vis  powered  lift  system  performance  characteristics. 
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Figure  12.  Limits  of  Maximum  Lift  Coefficient 


Having  noted  the  approximate  boundaries  of  the  feasible  in  terms  of  maximum  lift  coefficient  at 
shown  in  Figures  9 and  12,  it  has  been  shown  that  the  practical  limits  of  maximum  lift  demonstrated  for 
unpowered  high-lift  syotems  is  far  below  the  theoretical  limit,  even  when  systems  of  considerable 
mechanical  complexity  are  employed.  Of  the  practical  reasons  for  this  huge  discrepancy  noted  earlier, 
by  far  the  dominant  factors  limiting  maximum  lift  are  viscous  effects  and  flow  separation. 

In  view  of  the  design  space  available  within  Figure  12  it  is  possible  to  describe  a hierarchy  of 
ways  to  control  the  boundary  layer  on  a wing  surface. 

These  are: 

• Passive  Boundary  Layer  Control  by  Contour  Shaping  and  Variable  Geometry.  This  approach  is  the 
moat  subtle;  to  much  so  that  one  sometimes  forgets  that  it  is  a form  of  boundary  layer 
control.  The  limits  of  boundary  layer/circulation  control  for  both  single  and  multielement 
airfoils  has  been  greatly  clarified  in  the  past  two  decades,  perhaps  foremost  by  A.M.O.  Smith 
and  his  co-workers  at  Douglas,  specifically  R.  H.  Liebeck^.  The  full  extensions  of  this 
work  to  three  dimensional  flows  remains  to  be  accomplished  however. 

• Power  Augmented  Boundary  Layer/Circulation  Control.  Once  one  has  approached  the  limit  of 
maximum  lift  achievable  by  passive  boundary  layer  circulation  control  through  contour  shaping 
including  the  mechanical  complexity  of  multielement  airfoils  and  wings,  the  next  level  of 
performance  increase  is  achieved  by  using  small  amounts  of  auxiliary  power  to  (1)  increase  the 
energy  of  the  boundary  layer  by  blowing  or  (2)  remove  all  or  part  of  the  boundary  layer  by 
suction.  As  shown  in  Figures  13  & 14  there  are  a wide  variety  of  schemes  to  accomplish  either 
of  these  objectives.  In  all  cases  the  objective  is  to  delay  the  onset  of  separation  and  tnus 

• produce  an  increase  in  maximum  lift. 

The  particular  application  under  study  and  the  indices  of  merit  by  which  the  overall 
configuration  will  be  judged  will  determine  when  substitution  of  a simple  blowing/suction 
system  would  be  preferable  to  adding  yet  another  flap  element  to  an  already  complex 
passive/mechanical  system.  At  the  other  extreme,  when  does  one  reach  a blowing/suction  limit 
and  one  of  the  more  powerful  jet  flap/circulation  control  schemes  (Figure  15)  becomes  a better 
way  to  produce  still  higher  lift  coefficients. 

• Powered  Lift.  As  the  required  lift  coefficients  increase,  wo  ajjain  pass  through  a transition 
region  to  the  powered  lift  concepts  involving  the  propulsion  system  as  an  integrated  part  of 
the  high-lift  system  (Fig  16).  Two  types  of  powered  lift  concepts  may  be  identified.  The 
first  separates  the  propulsion  and  circulation  lift  system  and  provides  only  direct  jet  lift, 
e.g.,  vectored  thrust  or  lift  engines.  The  second  combines  the  propulsion  and  circulation 
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Figurt  16.  Powtrtd  Lift  Conctptt 


lift  system  into  a jet-flap  type  powered  lift  system.  The  augmentor  wing,  externally  blown 
flap,  and  upper  aurface  blown  flap  can  all  be  conaidered  aubaeta  of  the  jet-flap  concept. 

While  identifying  the  varloua  lift  enhancing  acheaea  aida  In  diacuaaing  the  multitude  of  poaaibilitiea 
and  givea  aoae  flavor  for  the  general  level  of  lift  performance  achievable,  it  atill  doe  a little  to 
as* ibllah  which  ia  "beat"  for  a particular  application.  Thia  will  depend  on  the  payoff  function,  (e.g., 
D&~,  LCC,  Trip  Fu-l , etc;),  the  payload  range  of  the  airplane,  and  off  deaign  miaaion  requirements . 

While  the  probable  trenda  in  high-lift  ayatea  development  for  long  field-length  tranaports  can  be 
deacribed  with  aaae  aaaurance,  the  aaaM  cannot  be  acid  for  the  caae  of  STOL  tranaport  aircraft.  What 

etaerge  from  the  preceeding  diacuaaion  ia  that  there  are  a number  of  promising  ways  to  achieve  the 
high  lift  performance  required  for  any  reaaonable  STOL  miaaion.  All  of  the  powered  lift  systems 
mentioned  previously  have  been  incorporated  into  flight  hardware.  The  pure  jet  flap  on  the  Hunting  126, 
the  augaentor  wing  on  a Boeing/NASA  modified  Buffalo,  the  externally  blown  flap  on  the  McDonnell'- 
Douglas  YC-15,  and  the  upper  aurface  blown  flap  on  the  Boeing  YC-U  and  Boeing/NASA  QSRA  are  some 
exaa^>lea. 

Paa a i ve/mechanical  BLC  high-lift  systems  are  likely  to  be  the  norm  for  long  range,  moderate  to  long 
field  length  tranaport  aircraft  into  the  foraeeable  future.  It  must  continue  to  form  a major  element  of 
a discussion  of  high-lift  technology.  There  ia  atill  progress  to  be  made  in  the  design  of  such  systems. 

The  design  of  powered  lift  aircraft  requires  that  more  variables  be  considered  than  in  the  design 
of  aore  conventional  airplanes  since  8T0L  airplanes  encounter  control  and  handling  qualitiea  problems 
aore  severe  than  conventional  airplanes.  It  must  be  noted  that  solutions  to  these  problems  have  been 
found  in  specific  design  applications. 

An  example  of  one  practical  limit  ia  the  angle  of  attack  of  a particular  configuration  required  to 
generate  a given  lift  level.  Here  the  coupling  between  approach  speed,  glide  slope  angle,  and  angle  of 
attack  as  it  influences  pilot  visibility  and  hence  decision  tine,  ia  shown  schematically  in  Figure  17. 


Figurt  17.  Efftctt  of  Qlldttlopt  tnd  Anglt-of-Atttck  on  Dtcltlon  Tlmt 


In  view  of  th*  (actor*  discussed,  it  ia  the  author*'  pr***nt  opinion  that  of  th*  aany  powered  lift 
schemes  presently  available  to  choo**  fro«ii  ralativaly  few  offar  the  proapact  of  aatiafactorily  meeting 
th*  performance  requirements  and  aany  conatraint*  of.  practical  STOL  transport*.  Experience  with  th* 
uppar  surface  blowing  (YC-14,  Q8KA)  and  externally  blown  flap  (YC-15 ) indicate*  that  that*  approach** 
could  b*  developed  into  aatiafactorily  raliabl*  and  economical  vahiclaa  for  both  civil  and  military 
application*. 

With  th*  overview  dlacuaalon  of  practical  laaua*  in  high-lift  technology  provided  above,  it  ia  now 
poaaibl*  to  dlacuaa  th*  state-of-the-art  in  methodology  available  to  th*  high-lift  system  daalgner. 


»Ot INC  RgSIARCH  IN  NKH-UFT  TECHNOLOGY 


A comprehensive  aurvey  of  the  induatry-wlde  raaaarch  devoted  to  aolution  of  the  theoretical  problems  in 
high-lift  technology  identified  by  AMO  Smith  a decade  ago  ia  a prohibitive  teak.  Inntead  we  chooae  to 
outline  Boeing  reaearch  devoted  to  thia  topic  in  the  paat  decade  and  cite  limited  example*  of  related 
significant  work  by  othera.  Further,  the  majority  of  the  diecuaalon  ie  limited  to  mechanical  ayatems 
since  little  theoretical  work  has  been  done  at  Boeing  in  recent  years  on  powered  lift  systems. 

While  fully  realizing  that  the  approach  taken  here  represents  a rather  parochial  view  of  a very  broad 
topic,  it  is  the  authors'  opinion  that  the  Boeing  research  effort  is  representative  of  the  current 
■t  tate-of-the-art . 

The  Boeing  Company  research  effort  has  been  directed  at  developing  a range  of  powerful  tools  for  the 
design  and  analysis  of  transport  type  aircraft  operating  In  low-apeed/hlgh-lif t conditions.  The  basic 
objectives  of  this,  largely  company-funded,  long  term  effort  have  been; 

• To  develop  computational  methods  for  the  analysis  and  design  of  high-lift  configurations. 

• To  provide  improved  flow  diagnostic  techniques  and  experimental  data  bases  to  support 
computational  methods  development. 

• To  apply  these  new  tools  to  practical  design  problema  to  assess  their  capabilities  and  to 
guide  further  basic  method  development. 

Thus  over  the  past  decade,  the  basic  approach  has  been  a balanced  one  encompassing  theory,  experiment 
and  applications. 

POTENTIAL  FLOW  SIMULATION  OF  THREE  DIMENSIONAL  MULTIELEMENT  WINGS 


Potential  flow  simulation  of  transport  aircraft  with  high-lift  devices  deployed  is  an  essential  step  in 
the  avolution  of  a rational  analytic  design  capability  and  also  serves  as  the  foundation  for 
viscous/vortex  flow  simulations  of  these  configurations.  In  addition,  until  a full  three-dimensional 
viscous  analysis  capability  becomes  available,  a three-dimensional  potential  flow  analysis/design 
capability  remains  an  essential  cornerstone  of  an  analytic  high-lift  design  procedure.  The  work  has 
been  devoted  largely  to  two  computer  programs;  A Distributed  Vorticity  Lifting  Surface  Theory,  and 
extension  of  the  PAN  AIR  code  to  th  modeling  of  high  lift  configurations. 

Computational  methods  for  the  analysis  and  design  of  three-dimensional  wing  and  wing-fuselage 
configurations  have  evolved  over  the  years  from  simple  lifting  line  techniques  which  made  very 
restrictive  assumptions  about  the  geometry  of  the  configuration  and  the  flow  conditions,  to  very 
sophisticated  and  general  panel  methods.  The  moat  sophisticated  of  the  newer  methods  (e.g.  PAN  AIK, 
ref.  10)  offers  the  designer  a very  powerful  potential  flow  analysis  tool.  However  the  difficulty  in 
using  these  methods  because  of  the  very  precise  geometric  definitions  required  especially  for 
multielement  high-lift  configurations,  coupled  with  the  expense  of  running  such  codes,  has  precluded 
their  wide  spread  use  in  high-lift  applications.  Only  in  cases  where  detailed  pressure  distribution 
information  is  required  are  they  being  used.  Parenthetically  we  note  that  in  our  opinion  the  concern 
with  computer  coats  is  overstated.  The  actual  machine  costs  of  obtaining  a solution  are  substantially 
less  than  the  cost  of  the  engineering  labor  required  to  prepare  the  problem  for  input  to  the  computer. 
In  may  cases  the  money  spent  in  the  search  for  computer  efficiency  might  be  better  spent  in  making  the 
code  more  user  friendly. 

In  many  practical  problems  the  analyst/designer  primarily  requires  accurate  information  on  items  such  as 
net  lift,  pitching  moment,  induced  drag  and  span  loading  - items  available  in  principle  from  a potential 
flow  analysis  of  leas  sophistication  than  a full  higher  order  panel  method. 

In  1975,  M.  I.  Goldhammer  began  to  develop  the  elements  of  an  advanced  lifting  surface  method  (ref. 
II).  Goldhammer  developed  a very  powerful  version  of  his  program  aimed  specifically  at  the  multielement 
wlng/body  problem  and  possesaing  a great  deal  of  automation  aimed  at  easing  the  burden  on  the  user  of 
the  code. 

Two  different  lifting-surface  theories  are  included  in  Goldhammer's  computer  program.  A non-planar, 
non-linear  distributed  vorticity  method  (DVM)  is  the  primary  method  while  a simpler  vortex  lattice 
approach  is  available  as  a user  option.  The  primary  technique  represents  the  thin  wing  by  a continuous 
sheet  of  distributed  vorticity  which  Ilea  on  the  mean  camber  surface.  The  vorticity  distribution  uced 
is  continuous  in  the  chordwise  direction  and  is  piecewise  constant  in  the  spanwisa  direction  (Fig  18). 
Special  treatment  Is  given  to  the  chordwise  vorticity  distribution.  The  loading  at  the  wing  leading 
edge  is  modeled  to  be  infinite,  which  is  consistent  with  the  thin  wing  approximation.  The  DVM  technique 
also  explicitly  satisfies  the  Kutta  condition  by  forcing  each  trailing  edge  loading  to  zero. 

Full  provision  is  made  for  multielement  wings  with  part  span  flaps.  A two-dimensional  algorithm  Ib  used 
by  the  program  to  specify  the  downstream  path  of  shed  vorticity.  Tho  program  is  highly  automated,  and 
the  user  need  specify  only  gross  geometric  parameters  for  multielement  wings  (e.g.  planform,  twist, 
camber,  flap  deflection)  the  program  then  generating  its  own  detailed  vorticity  networks. 


ANALYSIS  AND  IHilfcN  Of  MULTWltMLN'f  HKiH-llfT  SYtTfMS  IN  A VtfCOt*  HO* 


TH«  performance  of  high-lift  system*  i*  largely  limited  by  viscous  (low  phonomcn*  anil  subsequent 
separation.  lacaua*  of  tha  inordinate  difficulty  of  computing  viacoua  flow*  in  rhr**-dia*ntioa*» 
particularly  those  which  nay  occur  on  enmpi.  s multielement  winy*,  tha  bulk  of  pest  affort  liar  baan 
devoted  to  tha  davalopaant  of  a full  viacoua  flow  analytic  and  design  (invar**)  capability  for 
two-dimensional , null iataaant  airfoil  section*,  it  wa*  in  tti*  clarification  of  tha  phyafc*  of 
muitiaUaar.t  airfoil*  tha:  A.H.O.  Smith  mad*  on*  important  contribution  to  high-lift  technology. 

Tha  flow  around  hl|h  lift  airfoil*  i*  chartctariiad  by  auiny  different  inviccid  and  viacoua  flow  ration* 
a*  illuatrated  in  Figure  22.  In  particular,  tha  axiatanc*  of  ennMuant  boundary  layer*  and  the  ration* 
of  aaparatad  flow  dittlntuUh  tha  high  lift  airfoil  problem  froa  the  aarodynaaic  problem  of  airfoil*  at 
normal  operating  condition*.  Tha  characteristic*  of  the  variou*  flow  region*  au*t  all  be  calculated. 
Futharswre,  tha  prediction  of  traneition  froa  laainar  to  turbulent  boundary  layer  flow,  the  prediction 
of  tha  onset  of  boundary  layar  reparation  and  eh*  affect*  of  large  seal*  separation  froa  on*  or  aor* 
airfoil  eleaMnta  are  a necessary  part  of  any  general  high-lift  analysis  computer  program. 

In  addition  to  allowing  a pure  analysia  of  a given  geoaatry,  a truly  utilitarian  code  should  also 
contain  an  invars*  capability,  which  allow*  one  to  extract  an  airfoil  shape  from  a specified  pressure 
distribution.  In  addition  methodology  should  exist  which  would  allow  tha  daelgn/optimixation  of  this 
pressure  distribution  in  a viacoua  flow. 

Tha  development  of  this  full  capability  had  baan  a central  objective  of  the  Boeing  high  lift  research 
affort  since  197).  The  outcoeM  has  baan  tha  development  of  two  basic  computer  programs  aach  of  wnich 
posses*  unique  capabilities  which  are  not  presently  fully  duplicated  in  the  other. 

As  pointed  out  earlier,  the  most  striking  viscous  phenomena  which  distinguish  the  flow  around  high-lift 
eyatseu  from  tha  flow  at  cruia*  conditions  ara  tha  poaetbl*  existence  of  confluent  boundary  layer*  and 
of  significant  regions  of  aaparatad  flow  at  normal  operating  lift  levels.  The  dual  problems  of 
separation  and’ conf luence  have  generally  baan  approached  separately  in  tha  courts  of  developing  analysis 
achamaa  for  multi*2ea»nt  airfoils,  although  tha  axiatanc*  of  a strong  confluent  boundary  layer  flow  may 
have  a substantial  influanc*  on  tha  point(a)  at  which  tha  flow  may  separata.  A large  body  of 
axperissental  two— dimensional  multielement  airfoil  data  indicate*  that  optimum  high  lift  performance  ia 
obtained  when  gap  and  overlap  conditions  on  tha  airfoil  element*  ara  aat  auch  that  no  regions  of  strong 
confluence  exist  (Fig.  23).  Howavar , any  general  multielement  airfoil  analysis  should  hav*  tha 
capability  of  accounting  for  merging  shear  layers  in  addition  to  its  other  capabilitiaa.  Without  this 
capability  it  la  impossible  to  properly  perform  analytical  gap-overlap  optimisation  studies,  to  account 
properly  for  .oundary  layer  characteristics  in  tha  presence  of  even  weak  confluence  which  may  affect 
both  drag  and  separation  location. 


Lift  Performance 


On*  approach  to  multielement  airfoil  analysis  wae  originally  developed  by  Coradia  and  hi*  coworkart 
(raf.  13)  at  Lockhaad-Caorgla  under  tha  sponsorship  of  tha  NASA-Langlay  Research  Canter.  This  program 
wa*  among  the  flrat  attempt*  at  analysing  the  complex  viscous  flow  about  dotted  airlolla  and  received 
worldwide  distribution  end  usage.  A unique  feature  of  this  multielement  airfoil  program  was  the  swdel 
of  the  confluent  boundary  layer  flow. 

Over  the  year*  , the  original  version  of  the  program  was  modified  extensively  to  improve  lie 
predictions  for  different  types  of  high  lift  airfoils.  Many  improveswnta , mainly  In  the  araa  of  the 
potential  flow  calculation,  were  made  by  raaaarchara  at  the  NASA-langley  Research  Center.  For  tnie 
reason,  the  code  generally  has  been  referred  to  aa  the  NASA-Lockhead  smUlelewent  airfoil  program. 

This  program  has  since  been  further  developed  by  I run*  at  al  (raf  16  A 17)  partly  under  contract  with 
MAA-Leoglay . 

In  many  respect*,  this  program,  (with  the  toeing  modification*)  l*  an  excellent  tool  for  the  analydt  of 
emit le lament  airfoils  with  fully  attached  boundary  layers.  It  resMlna  useful  both  aa  a research  tool 
and  for  those  esse*  where  it*  sesump'. Ion*  end  limitations  are  non-raetrictiv#  in  project  u*e.  ll 
suffer*  from  lw  «u)or  shortcomings,  however.  It  is  Incapable  of  analysing  aaparatad  flows  and  It  has 
no  invars*  capability.  A typical  analyst#  result  is  shown  In  Fig.  26. 

fn  the  course  of  modi  tying  the  RASA- Lockheed  code,  grune  found  the  original  confluent  boundary  layer 
analysis  method  to  be  Inadequate.  Therefore  a new  confluent  boundary  layar  schema  wa*  developed,  (ref 
IA).  It  I*  a finite  differ#**#  technique  which  solve*  the  turbulent  boundary  layer  equation*  end  * 
two-squat  Inn  model  af  turbulence  due  to  Jon**  end  Launder  (ref.  17)  known  **  the  Kappe-epe  1 Ion  model. 
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Figura  24.  Lift,  Drag,  and  Pitching  Momant  of  a Boalng  Four-Elamant  Airfoil 


On*  of  th*  cantral  difficulties  In  validating  eonfluant  boundary  layar  methods  and  viacoua  flow  analysis 
■aathoda  for  multielement  airfoil*  in  ganaral,  la  tha  vary  *par»*  **t  of  complete  experimental  data  which 
exist  in  tha  lltaratura  for  raallatlc  airfoil  aactlon*.  Thu*  a comprehensive  taat  wa*  conducted  to 
acquire  tha  data  nacaaaary  to  fully  validate  the  new  theory.  In  addition  to  force,  moment  and  preaaur* 
diatribution  data,  detailed  information  on  mean  velocity  profilea  and  turbulanc*  propertlea  in  the 
boundary  layer  at  several  chordwiae  stations  was  required. 

Prior  to  conducting  the  taat  however,  a aurvay  of  available  instrumentation  showed  that  existing 
equipment  waa  inadequate  to  provide  the  high  quality,  detailed  data  required.  Thu* , an  improved 
mechanical  traversing  mechanists  waa  designed  which  would  provide  minimum  disruption  to  the  flow  being 
OMaaured  and  high  position  accuracy. 


This  new  traversing  mechanism  and  flow  sensors  are  shown  in  figure  25.  The  fevers*  is  self-propelled 
and  is  normally  mounted  on  the  tide  of  the  model  opposite  to  the  surface  on  which  measurements  are  being 
taken.  The  traverse  mechanism  is  equiped  with  four  flow  tensors:  a pitot  probe,  two  X-hot  wires  and  a 
dual  split  film.  Data  from  all  sensors  it  acquired  simultaneously.  A description  of  this  probe  and 
samples  of  the  very  high  quality  data  obtained  are  discussed  in  ref.  18  and  19.  Sample  data  are  tnown 
in  Pig.  26.  The  test-theory  comparison  of  this  data  with  the  new  confluent  boundary  layer  program  is 
shown  to  be  excellent. 
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Figura  25.  Skatch  of  Boundary  Layar  Travartlng  Machanitm 
Configuration  for  Minimum  Flow  Disturbance 


In  most  realistic  applications,  knowledge  of  section  maximum  lift  coefficient  is  Important,  if  not 
crucial,  in  airfoil  design/optimisation,  in  the  absence  of  s computational  capability  to  predict  th* 
affect*  of  large  scat*  flow  ssparation,  and  henc*  maximum  lift  coefficient,  heavy  reliance  must  be 
placed  on  wind  tunnel  testing  which  has  traditionally  been  conducted  at  Reynolds  number*  an  order  of 
magnitude  lower  than  actual  flight  conditions.  This  has  generally  led  to  substantial  conservatism  in 
eh*  design,  in  efforts  to  reduce  risk.  In  addition,  the  usual  approach  to  computational  design  ha*  been 
conducted  by  an  iterative  analysis  procsss,  whsrsln  on*  begins  with  a baseline  geoewtry  and  a deeired 
performance  goal  and  by  analysing  th*  characteristics  of  th*  baseline  geometry,  obtained  either 
experlanntal ly  or  coe^utat  lonal  ly , a c tempts  to  determine  "intuitively"  how  th*  initial  geometry  ought  to 
be  modified  to  meet  performance  goals.  Whether  conducted  in  th*  wind  tunnel  or  on  th*  computer,  the 
process  remains  largely  on*  of  "cut-and-try." 


It  ha*  long  been  realised  that  a *»r*  rational  approach  to  th*  aerodynamic  design  problem  would  be  to 
login  with  a realistic  set  of  performance  objectives  and  constraints,  and  derive  the  pressure 
distribution*  and  other  flow  characteristics  neeesssry  to  meet  these  objectives  based  on  boundary  layer 
theory.  With  the  desired  flow  characteristics  established,  one  can  then  extract  by  computation  the 
geometry  necessary  to  produce  these  desired  flow  characteristic*.  This  "inverse”  or  synthesis  process, 
while  conceptually  simple  and  desirable  has  only  becosw  practical  with  the  advent  of  large  digital 
computers. 


With  these  considerations  In  mind,  M.  t.  Henderson  developed  a versatile  computer  program  system  (ref. 
20)  which  would  allow  both  the  analysis  and  design  of  multieleswnt  airfoil*  with  Inclusion  of  th* 
effect*  of  separation  in  the  analysis  mod*  and  inverse  boundary  layer  technique*  for  pressure 
distribution  synthesis  in  the  design  mo4 *. 


The  Subsonic  Analysis  Section  System  (8A88)  t»  baled  on  two-dimensional  higher  order  panel  method 
algorithms  for  potential  flow  and  integral  boundary  layer  aethode  for  vlicoui  flow  computation* , The 
two  important  component*  of  the  reparation  modeling  are  the  determination  of  the  (operation  point(i), 
and  and  the  etreanline  displacement  caused  by  the  separated  wake.  This  latter  problem  is  handled  by 
introducing  a aeparation  cavity  whose  contours  may  be  determined  without  recourse  to  detailed 
calculations  of  the  complex  Interior  physios.  This  wake  displacement  body  is  added  to  the  bare  airfoil 
geometry,  and  the  whole  "equivalent  body"  may  than  be  analysed  in  potential  flow  to  predict  separated 
flow  airfoil  section  performance.  This  procedure  is  described  in  detail  in  refe.  3 and  20.  Some 
typical  teat-theory  comparisons  are  shown  in  Figure  27. 


Figure  27.  Predicted  Airfoil  Data  From  Subsonic  Analysis  Section  System  (SASS) 


The  overall  program  system  also  incorporates  provision  for  a separate  inverse  boundary  layer  method  for 
the  design  and  evaluation  of  pressure  distributions  for  input  to  the  design  mode  of  the  program.  This 
inverse  boundary  layer  sMthod,  (ref.  21  and  22)  is  also  a valuable  tool  in  its  own  right. 


HIGH- LIFT  FLOW  CORRELATION  AND  PREDICTION  TECHNIQUES 

At  present  there  is  no  analytic  method  capable  of  solving  the  three-dimensional  viscous  flow  about 
wings,  let  alone  full  aircraft,  in  high-lift  configurations.  Even  if  or  when  this  capability  is 
developed  it  will  likely  be  clm-consuming  and  expensive  to  use  on  u production  basis.  Thus  there  will 
always  be  a need  for: 

e Correlation  methodology  for  two-and  three-dimensional  flows  which  allow  (where  appropriate) 
tha  use  of  simpler,  more  economical  two-dimensional  viscous  methods  loosely  coupled  to 
three-dlaMnalonal  potential  flow  techniques. 

e Semi-empirical  techniques  for  the  prediction  of  full-scale  aircraft  high-lift  performance  from 
wind  tunnel  data  and  from  the  performance  of  previous  aircraft  of  similar  geometry. 

• Techniques  for  the  prediction  of  both  wind  tunnel  and  flight  level  high-lift  performance  of 
preliminary  deaign  configurations  for  which  no  specific  wind  tunnel  data  exists. 

The  problem  of  establishing  rational  methods  for  connecting  the  results  of  three-dimensional  potential 
flow  with  two-dimensional  viscous  flow  anslyses  has  been  an  important  part  of  the  high-lift  research- 
effort.  As  s major  part  of  this  effort  it  has  been  necessary  to  establish  the  correlation  between 
two-dimensional  multielement  section  characteristics  with  the  corresponding  sections  on 
three-d inane  Iona 1 wings  ee  influenced  by  sweep,  induced  angle-of-attack  and  camber  effects,  and  spanwise 
components  of  boundary  layer  flow. 

As  an  example  of  early  correlation  methodology  work,  it  was  found  that  "simple  sweep  theory"  type 
corrections  to  two-d inane  ions  1 results,  which  are  rigorously  valid  only  for  thin  wings  of  constant  chord 
and  Infinite  aspect  ratio,  should  be  replaced  by  the  more  theoretically  correct  method  due  to  R.  C.  Lock 
(ref.  23)  which  explicitly  accounts  for  taper  and  finite  aspect  ratio  effects. 

With  the  advent  of  the  DVM  Lifting  Surface  Theory  program,  Goldhammer  was  able  to  achieve  a substantial 
advance  In  correlstion/predictlon  methodology.  For  the  first  time  it  became  possible  to  reliably  obtain 
potential  (low  result*  for  high-lift  configuration*  representative  of  actual  transport  aircraft. 

An  example  of  what  Goldhammer  was  able  to  achieve  with  combined  use  of  programs  DVM  and  SASS  (corrected 
for  sweep),  to  predict  high-lift  wing/body  characteristics  beyond  the  linear  portion  of  the  lift  curve 
l*  demonstrated  here.  The  assumption*  mad*  in  this  example  are  that  airfoil  section  characteristic 
dominate  the  lift  behavior  of  the  wing;  and  that  even  in  cases  where  the  flow  may  be  locally  separated, 
spanwise  boundary  layer  flow  effect*  can  be  neglected. 

Aa  demonstrated  earlier,  uee  of  the  DVM  program  for  case*  of  highly  deflected  part-  or  full-span  flaps, 
with  separation  at  normal  operating  conditions,  leads  to  a substantial  overprediction  of  lift.  However, 
by  analysing  "critical  2D  sections"  of  tha  wing  (located  at  "peaks"  in  the  span  loading  distribution) 
using  the  MIS  program  with  its  separated  wake  modeling  capability,  an  "effective"  viccous  flap 
deflection  angle  can  be  determined  a*  shown  in  Figure  28. 

When  this  new  affective  viscous  flap  deflection  1*  input  to  the  potential  flow  analysis  (DVM)  the  result 
la  a dramatic  Improvement  In  the  test-theory  comparison  of  span  loading  shown  in  Figure  28. 
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Perhaps  a more  remarkable  outcome  of  this  sort  of  analysis  was  the  fact  that  applications  of  the  DVH 
program  to  a variety  of  other  transport  type  configurations  showed  a repeatable  (to  first  order) 
correlation  between  effective  and  geometric  flap  deflections  for  a given  number  of  elements  in  the  high 
lift  system.  This  led  to  the  tentative  construction  of  the  graph  relating  effective  and  geometric  flap 
deflections  shown  in  the  figure.  These  relations  hold  only  for  standard  wind  tunnel  level  Reynolds 
number,  although  a comparable  set  could  be  constructed  for  flight  levels. 


It  should  be  noted  that  the  work  reported  so  far  has  been  largely  directed  toward  providing 
computational  tools  to  project  level  engineers  for  use  during  the  detail  design  phase  of  an  airplane 
development  program.  Thir  goal  continues  to  be  important  and  has  been  remarkably  successful.  As 
reported  in  ref.  24,  the  combined  progress  in  3D  potential  flow  analysis  and  2D  viscous  flow  analysis 
and  design  when  coupled  with  progress  in  2D-to-3D  correlation  methodology  has  lead  to  a quasi-3D  viscous 
flow  analysis  and  design  capability  for  multielement  wings.  This  design  process  which  relies  heavily  on 
the  use  of  2D  inverse  methods  is  shown  diagramatically  in  Pig.  29,  and  will  be  demonstrated  in  more 
detail  later  in  this  paper. 
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Figure  29.  High-Lift  Analytical  Design  Procedure 


At  .hown  in  the  overview  diagram  (Figure  30),  at  the  detail  design  level,  computational  methoda  intended 
to  complement  extensive  testing  must  be  highly  accurate.  Thus  costs  may  be  high,  although  fully 
justified  if  an  enhanced  design  process  reaulta. 
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Figure  30.  Low-Speed  Aerodynamic  Prediction  Methods 

In  a prallminary  design  phaaa  of  aerodynamic  configuration  develo-  —t , computational  methods  ar.  also 
of  major  Importance.  In  thl.  case,  however,  where  many  con'  ’..uslly  changing  configuration  variables 
must  be  considered  end  their  effect*  on  the  global  aerodynamic  charactariatlc*  readily  evaluated,  the 
conflicting  requirement,  of  computational  accuracy  and  ease  of  use,  rapidity  of  turnaround  and  low  coat 
make  the  development  of  epproprlete  computational  methodology  challenging. 
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Th«  need  (or  modern  predictive  methodology  appropriate  to  preliminary  deaign  level  aerodynealc  enalyeee 
reaaine,  however.  Reeogntilng  the  limitation*  of  axleting  theoretical  toole,  better  coaputatiooaliy 
baaed  predictive  methodology  can  be  devleed  if  one  accepta  certain  underlying  aeeumptione,  ae  dieeueeed 
in  ref.  25. 

A method  deviaed  to  fill  the  block  for  a preliminary  deaigi>  level  predictive  tool  in  Figure  30  ia 
anal-empirical  and  reliea  on  two  computer  programa.  The  new  ’uethod  ia  made  poaelble  end  practical  by 
the  existence  of  the  DVM  potential  flow  computer  program  epecifically  developed  for  the  analyale  and 
deeign  of  multielement  high  lift  conflguratione  deacribed  previouely. 

The  aecond  program  in  the  eyataa,  ia  identified  aa  AePP  (Aerodynamic  Prediction  Program).  AePP  ie  a 
highly  automated  ayetam  of  bookkeeping,  Interpolation/extrapolation,  ecaling  and  poet-processor  routine* 
which  produce  the  prediction*  of  global  aerodynamic  characteriatica  of  a configuration  in  a aubaonic 
viacou*  flow. 

The  atructure  ia  baaed  on  a framework  in  term*  of  potential  flow  lift  curve,  pitching  moment,  induced 
drag  and  apan  loading  provided  by  independent  rune  of  the  DVM  program,  aa  ahown  in  Figure  31,  and 
provide*  the  engineer  with  two  optiona: 

Option  1:  By  numerically  comparing  DVM  lifting  aurfece  theory  prediction*  on  a baaeline 

configuration  for  which  experimental  data  exiata  with  experieiental  data,  uaing  AePP, 
the  effect*  of  change*  in  the  baaeline  geometry  (e.g.,  flap  apan,  flap  chord,  number 
of  flap  element*)  can  be  eatimated  with  good  accuracy.  In  thia  caae  the  full 
procedure  ahown  in  Figure  31  ia  uaed. 

Option  2:  In  the  caae  where  no  explicit  baaeline  experimental  data  exiata,  combining  generic 

empirical  data  atored  in  AePP  with  DVM  lifting  aurface  theory  reault*  for  the 
geometry  of  the  configuration  to  be  evaluated,  provide*  eetimatea  of  global 
aerodynamic  characteriatica  of  adequate  accuracy  for  preliminary  deaign  purpoaea. 


Figure  31.  Aerodynamic  Prediction  Procedure  (Low-Speed) 


An  outline  of  the  overall  method  and  it*  program  element*  ia  ahown  in  Figure  31  . How  the  method  work* 
ia  ahown  in  Figure  32.  A complete  diacuaaion  of  the  aaaumptiona  made  and  how  the  empiriciam  deacribed 
above  ia  incorporated  in  the  method  together  with  aeveral  example*  of  application  are  deacribed  in  ref. 


On*  example  from  thia  reference  ia  reproduced  here  to  demonetrate  the  capability  of  the  baaic  approach. 
In  chi*  •xjmpl* , figur*  33,  wind  tunnel  dec*  from  a Boeing  767  was  used  to  predict  the  lift,  drag  and 
pitching  moment  (taii-off)  characteriatica  of  a Boeing  737-300.  The  quality  of  the  predictiona  appear 
quite  acceptable  for  preliminary  deaign  purpoaea. 
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Figure  33  Low-  Speed  Aerodynamic  Prediction  Procedure 
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Figure  33.  Prediction  of  a Boeing  737-300  Prom  a 7$ 7 300 


"AM  V OPTIC  IS  AND  VORTIX/MX/NDARY  LA VI*  WTtgACTIONJ 

An  Important  high-lift  problem  1*  that  aeeoclated  with  the  lift-induced  trelling  vortice*  that  roll  up 
In  tha  waha  of  larga  airplanes  and  art  parelatant  and  sufficiently  powerful  to  ba  haeardou*  if  other 
airplanes  encounter  them  before  they  decay.  Tha  problem  la  *K>tt  acuta  In  tha  traffic  pattern*  of 


airports,  whers  both  aircraft  congestion  sn4  vorii<  intensity  art  greatest  and  where  maximum  air  traffic 
c mtrU  ia  required,  Although  it  ia  important  tu  predict  such  phenomena,  and  a good  d«al  of  research 
haa  b*.tn  davotad  to  tha  problem,  web*  vortex  alleviation  haa  up  to  now  not  baan  a factor  in  high  iiit 
system  daaign. 

In  addition  to  tha  classic  waka  vortex  problem,  a number  of  other  practical  high  lift  problem* 
associates'  with  tha  furaalion  and  shedding  of  largo  acala  vorticaa  froa  varioua  cuaponanta  of  an 
aircraft  Hava  baan  identified.  Among  there  are  tha  affaet  of  large  vorticaa  chad  froa  nacelle/atrut 
combinations,  atrakaa,  ate.,  on  tha  aerodynamic  eharaetarla: lea  of  tha  wing*  and  eapennege,  and  aoat 

particularly  the  interaction  of  auch  vorttcaa  with  tha  boundary  layer  flow  on  tha  wing.  While  in  aoaa 

eaaaa  there  vorticaa  may  be  beneficial,  in  other  Important  cater  they  nay  aerioutly  degrade  high-lift 
performance. 

The  approach  to  vortex  raaaarch  at  hoeing  haa  baan  tha  development  of  predictive  technology,  and 

experimental  tachniquea  for  tha  measurement  of  vortax  flow*.  Tha  ganaral  objaetlva  la  to  undaraiand  and 
predict  the  formation,  growth  and  decay  cf  a wide  range  of  large  acala  vortex  flow*  ex  they  Interact 
with  other  component  a of  tha  alrfraaM  lta«l l and/or  subsequently  Influence  other  aircraft  in  proximity 
to  shod  vortax  wakea.  The  ultimata  objective  la  to  find  mean*  of  either  controlling  tha  formation  or 
intanalty  of  largo  acala  vorticaa  ao  that  they  interact  favorably  or  with  minimum  penalty  with  other 
components  of  tha  generating  airframe. 

Since  tha  atatu-of-tha-art  in  modeling  reallatlc  vortax  flows  (c.f.  Pig  34)  la  (till  prlmitiva, 
particularly  In  the  caaa  where  vortlcea  interact  strongly  with  a boundary  layer,  the  majority  of  tha 
work  dona  ao  far  in  this  area  haa  baan  experimental . Tha  enphoaia  haa  barn  ont 

a Development  end  exploition  of  a number  of  flow  field  vlaual laatlon  techniques  l>r  the 

diagnosis  of  complex  vlacoua/vortex  interactions  and  ahad  vortax  wakes. 

• Development  of  expertawntdl  data  basat  for  tranaport  aircraft  configurations  in  high-lift/high 
angla-of-attach  conditions.  These  efforts  have  been  conducted  to: 

- Provide  neceaaery  date  to  validate  the  extension  of  codas  like  P ANA Ik  to  anelysaa  of 
multlalaaMnt  wings. 

- Clarify  tho  physics  of  vortax  formation  and  interactions  as  generated  by  high-lift 
configurations. 

“ latabliah  an  experimental  data  baas  with  which  to  compare  currant  efforts  to  auxia l 
three-dimensional  aoparatad  flow. 

- Provide  data  for  wake/downwaah  prediction  at  the  plane  of  the  empennage, 
■particularly  during  operation  at  hlgh-lift/hlgh-angle-of-attack  condition*. 

A great  daal  of  flow  fiald  v laual ixat ion  and  diagnostic  work  has  bean  dona  ranging  from  tears  In  watar 
tunnels  to  aubaonlc  wind  tunnels.  The  conclusion  from  taata  conducted  in  watar  tunnala  haa  bean  that, 
while  yielding  useful  results  for  certain  types  of  configurations  (e.g.,  fighter*  with  wings  with  sharp 
leading  adgaa),  tha  low  Reynold*  number*  typical  of  auch  tatting  make  auch  experiment*  nearly  useless 
for  transport  type  configurations.  A far  batter  approach  has  bean  to  use  flow  field  visualisation 
tachniquea  recently  developed  for  conventional  wind  funnels.  These  techniques  include: 


e The  Boeing  developed  Wake  Imaging  System  (WIS)  described  in  .'of.  26.  Typical  WIS  total 
preaaur*  survey  data  ia  ahown  in  figure  34  in  a black-and-white  reproduction.  The  actual 
result,  obtained  in  about  four  minutes  of  survay  tine  and  available  imeedir.ttly,  are  in 
the  form  of  color  po.aroid  photographic  print*. 


flgun  34.  W$A»  /map*  S>‘i fsm  iWfSI  Survey  Mind*  High- Lift  MWrv 


* Tha  flv#  port  probe  (ref. 2?)  which  can  giv#  survay  data  simitar  to  the  WIS,  with  the 
additional  advantage  that  fully  quantitative  data,  three  velocity  component*  and  total 
prastar*  *r#  provided  In  mlnlswm  pod  run  time.  This  latter  technique  ha*  baan  used  vary 
affsetlvely  to  map  waka*  a*  ahown  In  Pig  3J,  and  * full  discussion  of  recent  test  results 
using  this  technique  la  reported  In  refs,  27  and  28,  That*  experiment*  have  shown  good 
correlation  between  WIS  and  flv*  port  probo  data,  both  of  which  also  correlate  reasonably 
well  with  limited  later  vsloclmetry  measurements . 
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Figure  35.  Five-Port  Probe  Survey  Data 


The  cited  references  give  further  details  on  these  flow  visualization  techniques  and  .tome  additional 
results  will  be  discussed  in  the  next  section  on  practical  applications. 

In  an  appropriate  experimental  approach  to  complex  viscous/vortex,  separated  flow  and/or  wake  problems, 
it  is  important  to  recognize  that  a "full  set"  of  data  is  usually  necessary,  and  such  a full  data  set 
includes  forces,  surfsce  pressures  and  both  surface  flow  and  flow  field  visualization.  It  has  been  our 
experience  in  diagnosing  complex  flows  that  given  a number  of  equally  experienced  interpreters 
evaluating  the  same  surface  flow  pattern,  one  often  gets  as  many  interpretations  as  there  are  evaluators. 


To  evaluate  the  surface  flow  in  a systematic  way  mathematical  topology  ("critical  point  theory")  as 
developed  by  several  investigators  has  bean  of  considerable  value.  Critical  point  theory  has  the 
virtues  of  rapid  application,  and  it  clearly  establishes  which  flow  interpretations  are  kinematically 
feasible . 


The  technique  is  well  described  by  Peake  and  Tobak.  (ref.  29)  and  Dallmann  (ref  30).  A typical  result  of 
work  due  to  6rune  (so  far  unpublished)  of  extensions  to  high-lift  and  multielement  wing  configurations 
is  shown  in  Fig.  36. 


It!  Chins  Clay  Photo  |a  - 24  deg) 


Figure  36.  Interpretation  of  Separated  Flow  Pattern,  Using  Critical-Point  Theory 


SOME  APPLICATIONS  OF  BOEING  HIGH-LIFT  DESIGN  METHODOLOGY 


In  the  preceding  sections  of  this  paper  a great  deal  of  progress  has  been  reported  in  the  development  of 
la^roved  methodology,  both  computational  and  experimental,  for  the  design  and  analysis  of  transport 
aircraft  high-lift  systems.  In  order  to  complete  the  discussion  and  to  clarify  severaL  of  the  issues 
raised  earlier,  two  examples  of  applications  of  this  improved  methodology  to  practical  design  problems 
have  been  selected. 

A Redesign  of  the  Boeing  747  High-Ufl  System 

The  first  example  was  selected  because  it  demonstrates  the  way  in  which  the  general  qua, i-three 
dimensional  viscous  flow  design  methodology  (Fig  29)  with  its  strong  reliance  on  the  use  of  inverse 
methods,  wee  used  co  evaluate  a complex  design  problem.  The  problem  posed  was:  Given  the  wing  of  the 

existing  Boeing  747,  is  it  possible  to  simplify  the  triple  slotted  flap/variable  camber  Krueger 
high-lift  system  without  degrading  the  approach  speed.  Further  constraints  were: 

(1)  The  cruise  aerodynamic  configuration  must  remain  unaltered. 

(2)  Major  structural  modification  outside  the  flaps  would  not  be  allowed. 

(3)  Handling  characteristics  should  not  be  degraded. 

Ae  shown  in  Fig,  37,  the  baseline  geometry  was  first  analyzed  in  potential  flow  using  the  DVM  Lifting 
Surface  Theory.  This  yielded  the  span  loads  at  various  values  of  lift  coefficients.  From  the  span 
toads,  the  "critical  2D  sections"  wars  selected  and  evaluated  using  the  2D  multielement  airfoil  code 
SASS.  These  results  corrected  for  sweep  are  shown  in  Fig.  38.  Additional  Information  obtained  from 
these  analyses  are  viscous  flow  pressure  distributions  and  details  of  the  boundary  layer 
characteristics.  At  this  point  one  has  the  basic  data  necessary  to  begin  the  redesign  effort. 
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Figure  37.  Spanloading  on  Baseline  747-200,  Flaps  30, 
Calculated  With  SASS 


Figure  38.  SASS-Ca/culated  Sectional  Lift  Curves,  bf-  30deg 


Using  the  2D  inverse  boundary  layer  method,  improved  viscous  flow  pressure  distributions  are  derived  for 
the  various  elements  of  the  multielement  airfoil  ensembles.  These  design  point  pressure  distributions 
are  then  used  in  the  inverse  mode  of  the  SASS  program  to  generate  new  airfoil  geometries.  These  new 
geometries  are  a combination  of  revised  surface  contours  and/or  modified  flap  gap,  overlap  and 
deflection  relationships . 

With  the  new  geometry  established,  these  sections  are  analyzed  in  the  SASS  program  to  obtain  full 
section  lift  curves,  including  the  effects  of  flow  separation  from  one~or  more  airfoil  elements  lypical 
final  results  are  shown  in  Figures  39. 
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Figure  39.  SASS  Analysis  of  Baseline  and  Redesigned  Flaps 


As  a final  step,  if  the  resulting  new  geometry  differs  substantially  from  the  baseline  case,  a 
reevaluation  of  the  total  high  lift  systems  in  the  DVM  program  can  be  conducted  to  assure  that  a 
"converged"  design  solution  has  been  achieved  and  this  data  can  be  used  to  estimate  the  new  wing/body 
maximum  lift  coefficient  and/or  lift-drag  ratio. 

An  interesting  result  of  the  present  example  is  shown  in  Fig.  39.  The  new  double  slotted  flap  does 
indeed  yield  the  same  section  maximum  lift  coefficient  as  the  baseline  triple  slotted  system  but  more 
important  however,  at  a given  angle  of  attack  the  lift  coefficient  is  lower  for  the  redesigned  system 
than  for  the  baseline.  This  means  that  the  net  result  of  integrating  this  revised  section  into  the 
system  would  be  that  the  aircraft  would  ha.e  to  approach  at  higher  angles-of-attack  to  maintain  the  same 
approach  speeds.  In  practice  this  is  not  possible  due  to  tail  strike  limitations.  For  this  reason,  the 
results  of  this  particular  exercise  remain  of  largely  academic  interest  and  the  new  configuration  was 
not  tested.  The  example  does  demonstrate  clearly,  however,  the  power  of  the  new  analytic  approach  to 
high-lift  design. 

Transport  Aircraft  Maximum  Lift  Performance  Improvement 

The  second  application  example  to  be  discussed  is  of  interest  for  several  reasons. 

1.  Both  wind  tunnel  and  flight  test  validation  results  exist. 

2.  The  full  computational  methodology  previously  described  was  applied  to  a difficult  flow  problem 
involving  a complex  airplane  geometry. 

3.  While  the  computational  methods  alone  were  inadequate  to  cope  with  the  full  problem,  when  used  to 
augment  and  guide  the  wind  tunnel  testing,  they  provided  the  crucial  element  in  achieving  a 
difficult  aerodynamic  goal. 

A.  An  approach  to  partially  circumvent  some  major  limits  of  conventional  low  Reynolds  number  testing 
in  high-lift  system  development  was  demonstrated.  This  approach  can  only  be  pursued  efficiently  by 
application  of  computational  techniques. 

The  objective  was  to  retrofit  the  basic  Boeing  707  airframe  with  four  large  diameter  high-bypass  ratio 
turbofan  engines  with  minimum  modification  to  the  remainder  of  the  airframe  and  without  an  off-design 
(i.e.,  low-speed)  performance  penalty.  The  new  nacelles  were  compatible  with  the  baseline  airframe, 
provided  the  nacelle  struts  of  the  new  installation  were  shorter  than  those  of  the  baseline,  resulting 
in  the  nacelles  being  placed  in  closer  proximity  to  the  wing.  Wind  tunnel  tests  comparing  the  baseline 
and  retrofit  airplanes  showed  no  low-speed  performance  penalty.  Corresponding  flight  tests  showed  a 10 
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percent  lose  in  airplane  maximum  lift  c«p«bi  1 icy . The  comparison  result*  are  shown  in  figure  40. 
Further,  baaed  on  low  Reynolds  number  wind  tunne l fore*  data  alone,  there  appeared  to  be  no  obvious 
•«p*ri«AtiUy  derivable  aerodynamic  (in. 


Figure  40.  Nicelle  Influenc e on  Ca 

Xmex 


The  pusile  regarding  tha  cauaa  of  tha  lift  loaa  was  aolvad  by  additional  wind  tunnal  taating  with 
particular  eaphaaia  placad  on  carefully  documented  flow  vlaualication.  Nacelle-on  and  -off  teata 
claarly  ahowad  (rig.  41)  that  flow  aaparation  occurad  on  tha  aidaa  of  tha  larga  diaaatar  nacallaa  at 
high  anglaa  of  attack  and  high  flap  daflacl'on  condltiona,  loading  to  tha  formation  of  larga  vortlciaa 
which  flowed  atraaawiaa  ovar  tha  wing.  Whila  tha  aaction  charactarlatica  of  tha  wing  wara  very  atrongly 
Reynolda  number  acala  dependant,  the  patha  and  ati».:*th  of  tha  nacelle  ahad  vorticaa  ware  almoat  acala 
independent  aa  a compariaion  with  flight  teat  ahowad  (fig  42).  furthor,  under  certain  conditiona,  the 
vortlciaa  interacted  in  an  unfavorable  way  with  the  boundary  layer  on  inboard  aectiona  of  the  wing 
downetream.  Aa  a reault,  at  wind  tunnal  Kaynolda  number*,  the  maximum  lift  charactarlatica  of  tha  wing 
vara  dominated  by  tha  outboard  aaction  charactarlatica.  At  flight  level  Reynolda  numbera,  the  outboard 
wing  aectiona  benefited  from  the  increaaed  Reynolda  number  ao  that  maximum  lift  waa  limited  by  tne 
unfavorable  inboard  wing  boundary  layer/nacelle  vortex  interaction.  Thue , the  two  configurationa , both 
with  identical  winga  and  high-lift  ayatama,  exhibited  almoat  equal  maximum  lift  performance  in  tha  wind 
tunnel,  but  not  at  flight  condltiona.  Subsequent  analyala  of  tha  wing  uaing  tha  quaai-3D  viacoua 
analyaia  approach  deacribad  earlier  further  validated  and  clarified  thla  diagnoaia. 


Figure  4 1.  Stoll  Mechoniimi  »t  High  md  Low  Reynold!  Number 


Figure  42.  Necel/e  V . 


Thua,  the  puxxla  waa  aolvad,  but  tha  problem  waa  not.  Having  obaerved  that  tha  winl  'unnal,  uaing  a 
modal  which  carefully  simulated  tha  full  acala  geometry  of  the  proposed  conf  igurac  ion . could  not' 
duplicate  the  nacasaary  flow  phenomena,  tha  traditional  approach  would  be  to  embark  on  an  expensive  and 
time  consuming  flight  tact  program,  with  tha  fear  that  a substantial  revision  of  tha  baseline  high-lift 
system  might  prove  to  be  tha  only  satisfactory  solution.  Howavar,  with  tha  availability  ot 
computational  tools,  a quite  different  approach  bacame  feasible. 

Thla  approach  waa  to  simulate  tha  full  scale  aerodynamics,  rather  than  tha  full  acala  geometry  in 
defining  tha  parts  of  tha  wind  tunnal  modal.  While  conceptually  appealing,  thla  course  la  almoat 
Impossible  to  follow  unless  one  has  sufficiently  powerful  computational  tools  with  design  capability. 

In  the  case  under  discussion,  the  full  scale  simulation  waa  rather  crude  but  extremely  effective. 
Having  determined  both  by  flow  visualisation  and  analyaia  that  tne  low  Reynolds  number  stall 
characteristics  were  driven  by  outboard  wing  section  chsrae terlst lea , it  was  a straightforward  procedure 
to  design  an  alternate,  non-standard,  leading  sdgs  device  (fig.  43)  which  could  be  fitted  to  the 
outboard  wing  of  the  wind  tunnel  model.  In  this  way,  Che  outboard  wing  behaved  at  wind  tunnel  Reynolds 
number  very  much  like  the  full  scale  wing  did  in-flight,  i.e.,  nacelle  vortsx/wlng  boundary  layer 
interactions  determined  the  stall  in  the  wind  tunnel. 
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Having  adjusted  the  wing1*  (tall  pattern*  In  tha  wind  tunnel,  attention  turned  to  the  necaaaarv 
modification*  of  tha  nacallaa  to  improve  tha  maximum  lift  performance.  Additional  reliance  on  fU. 
visualisation  utiliaing  the  wake  imaging  ayatem  lead  to  development  of  a aet  r:  nacelle  mounted  vortex 
control  device*  (VCDe)  which  finally  aolvad  tha  problem  without  further  change  to  the  baeeline  high-lift 
ayatem.  The**  device*  were  subsequently  flown  on  the  full  acala  airplane  with  satisfactory  reaulta,  aa 
ahown  In  figure  44. 


WINS  TUNNIL rtlOHT  TttT 


Figure  44.  Maximum  Lift  Comparltom 


CONCLUDING  COMMENTS 

An  outline  of  low-epeed/high-1 ift  aerodynamic  reaearch  at  Boeing,  and  the  quasi-3D  viscous  flow 
computational  methodology  developed  for  the  analysis  and  design  of  transport  high-lift  systems  was 
presented.  To  deowMsstrate  the  overall  utility  of  this  methodology,  two  examples  of  its  application  to 
practical,  project  oriented  deaign/analyal*  problem*  were  deacribed.  The  important  conclusions  to  be 
drawn  from  these  example*  are: 

1.  Modern  hlgh-lift  computational  methods  have  become  sufficiently  well  developed  to  allow  a designer 
to  use  these  new  methode  In  a greatly  Improved  (compared  to  experimental/analytical  cut-and-try) 
design  process. 

2.  Since,  in  the  foraaeable  future,  management  cannot  be.  expected  to  make  decisions  which  risk 
millions  of  dollars  based  solely  on  "analytic  wind  tunnel"  results,  the  objective  of  a practical 
reaearch  effort  mutt  be  to  derive  computational  tool*  which  will  both  augment  and  improve  the 
efficiency  of  what  resuins  an  experimental  process.  With  the  parallel  development  of  improved  flow 
visualisation  techniques,  the  experimental  process  has  been  advanced  as  well. 

3.  The  role  of  the  wind  tunnel  will  change  as  computational  methods  of  increasing  power  become 
available.  Much  routine  parametric  evaluation  can  now  be  conducted  with  the  computer,  with  the 
wind  tunnel  acting  as  both  the  vehicle  for  visualisation  of  complex  flows  and  the  final  arbiter  of 
predicted  results.  Thus  theory  and  experiment  form  a necessary  complementary  pair. 

4.  Modern  computational  method*  now  allow  the  high-lift  ayatem  designer  to  do  many  of  the  things  that 
were  once  conceptually  possible,  but  impractical  due  to  either  lack  of  physical  understanding  or 
budget  limitations.  Both  computational  exercises  described  and  the  modeling  of  "full  scale" 
aerodynamics  rather  than  full  scale  geometry  in  the  wind  tunnel,  are  examples  of  these  emerging 
capabilities. 

3.  Most  of  the  work  deacribed  In  this  paper  has  related  to  transport  aircraft  with  unpowered  high-lift 
ayateaM.  Much  of  the  technology  deacribed  (most  particularly  the  improved  flow  visualisation 
techniques)  la  fully  applicabla  to  milltiry  aircraft  and  powered  lift  concepts.  As  the  methodology 
described  matures,  attention  will  logically  be  devoted  to  extending  these  kinds  of  capabilities  to 
the  full  range  of  future  hlgh-llfc  schemes. 

It  would  be  satisfying  to  be  abl*  to  aay  that  we  limited  ourselves  to  unpowered  high-lift  systems  due  to 
the  large  volume  of  material  available  and  that  a comparable  paper  could  be  written  on  powered-lift 
ayateaw.  Unfortunately  thia  has  not  been  the  cat*.  Despite  the  flurry  of  activity  in  powered-lift  in 
the  early  to  mid-1970'a,  as  evidenced  by  the  flight  of  four  different  powered  lift  airplanes  only 
limited  analytlcel  development  ha*  been  undertaken.  This  la  still  a largely  virgin  territory  awaiting 
the  Inspired  researcher. 

While  the  above  comments  are  specific  to  the  Boeing  high-lift  effort,  it  remain*  to  make  some  more 
general  observation*  relating  to  the  issues  Identified  in  the  Introduction  of  thia  paper.  Central  of 
these  wee  the  question  of  the  tools  available  to  the  hlgh-llft  designer  and  those  which  remain  to  be 
developed.  Many  of  the  aspect*  of  thia  question  have  bean  addressed  in  previous  section*  of  the  paper 
and  need  not  be  aumauirlsed  again  here.  One  matter  of  Interest  does  deserve  attention  her*  however. 

At  the  conclusion  of  hi*  Wright  Brothers  Lectur*  A.H.O.  Smith  left  ua  with  hla  Hat  (circa  1974)  of  the 
ten  pressing  theoretical  problems  in  high-lift  aerodynamic*.  In  light  of  the  progress  reported  in  this 
paper.  It  Is  of  interest  to  review  these  ten  issue*  and  comment  on  tha  progress  mad*  on  each  in  the 
Intervening  period.  We  may  then  propose  a new  list  of  our  own. 

A.H.O,  Smith's  list  was  a*  follow*! 

I.  Very  general  calculation  of  three-dimensional  laminar  and  turbulent  flows. 

This  must  stand  aa  an  ia^ortant  oi-golng  effort  despite  years  of  effort  and  advance.  It 
should  be  noted  that  success  in  thid  ares  la  still  strongly  coupled  to  our  ability  to  solve 
the  invlacld  flow  portion  of  the  problem  and  her*  tha  complexity  of  the  geometry  of  practical 
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aircraft  high-lift  systems  (till  presents  major  obstacles  both  aerodynamical ly  and  in  geometry 
definition.  The  capability  to  predict  trailing  edge  aeparation  on  three-dimensional 
configurations  is  also  emerging,  but  the  capability  to  predict  vortex/boundary  layer 
interactions  regain*  very  primitive. 

2.  Calculation  of  flows  Involving  partial  aeparation  in  the  rear. 

Here  great  progress  has  bean  made  in  2D  flows  (c.f.  Henderson,  ref.  20,  Bristow,  ref.  31,  and 
Mani,  ref.  32).  This  is  an  area  where  much  progress  may  be  made  in  the  near  term  in  three 
dimensional  flow  without  recourse  to  solution  of  the  full  Navier-Stokes  equations. 

3.  Practical  calculation  of  flows  involving  forward  aeparation  bubbles. 

Much  detail  work  remains  to  be  done  In  thla  area.  While  apparently  a mere  footnote  to  the 
overall  high-lift  problem,  as  long  as  wind  tunnel  teats  continue  to  be  conducted  at  "low" 
Reynolds  numbers,  the  capability  to  predict  the  formation  and  effect  of  laminar  separation 
bubbles  remains  an  important,  imperfectly  developed,  capability. 

4.  Practical  calculation  of  flows  involving  shock-boundary  layer  interactions. 

Slow,  but  steady  progress  hes  bean  made  on  this  fundamental  problem  (ref.  33)  but  ita 
relevance  to  the  low-speed  high-lift  problem  would  seem  obscure.  "Supercritical"  leading  edge 
devices  on  transport  aircraft  are  items  to  be  avoided  in  our  experience. 

5.  Calculations  of  viscous  flow  around  the  trailing  edges  of  wings  and  bodies. 

Despite  the  work  of,  for  example,  Melnik  (ref.  34)  this  problem  remains  to  be  fully  resolved 
and  remains,  as  it  did  for  Smith  a decade  ago,  a major  annoyance. 

6.  Further  development  of  inverse  methods. 

Substantial  progress  has  been  made  for  2-D  cases.  For  3-D  the  PAMAIR  technology  has  great 
promise.  It  may  also  be  noted  that  development  of  such  methods  is  lees  than  half  the 

problem.  Teaching  engineers,  accustomed  to  "design  by  repetitive  analysis"  to  use  inverse 
methods  effectively  la  aa  large  a problem  and  requires  a great  deal  of  further  understanding 
and  education. 

7.  Drag  of  multielement  airfoil  systems. 

Squire  and  Young  still  reign  in  this  area  and  progress  of  real  substance  remains  to  be  made. 

8.  Practical  calculation  of  merging  boundary-layers,  wall  jets  and  wakes. 

With  the  completion  of  the  combined  theorical/experimental  work  by  Brune  (ref  16  & 19) 
reported  here,  this  problem  seems  to  have  reached  the  state-of-the-art  in  overall  2D  viscous 
flow  computational  capability.  Having  done  the  work  we  observe  that  it  may  have  been  a 
problem  pf  limited  priority  in  retrospect.  Analytic  gap/overlap  studies  are  nearly  as 
expensive  to  perform  computationally  as  experimentally,  and  aside  from  evaluating  the  adverse 
effects  of  imperfectly  sealed  slats,  ate,  the  analysis  capability  is  of  rather  limited  utility. 

9.  The  analysis  of  flows  over  swept  wings  on  which  a leading-edge  vortex  is  developed. 

This  is  a major  area  of  interest  and  substantial  progress  has  been  made  for  highly  swept  wings 
with  sharp  leading  edges.  For  moderately  swept  wings  with  rounded  leading  edges  where 
vortices  are  less  well  defined  much  work  remains  to  be  done. 

10.  Three-dimensional  transonic  calculations,  particularly  for  arbitrary  wing  and  wing  body  conbination. 

Very  great  progress  has  been  made  here,  largely  with  reference  to  cruise  configurations.  This 
topic  is  not  within  the  acope  of  the  present  paper  and  it  seems  to  us  of  less  relevance  for 
transport  type  high  lift  systems. 

In  quick  summary  then  we  see  a decade's  progress.  It  remains  only  to  propose  a menu  of  our  own  for  ' 
further  work.  Our  shopping  list  is  as  follows: 

1.  Very  general  calculation  of  three-dimensional  laminar  and  turbulent  boundary  layers. 

2.  Computation  of  three  dimensional  aeparation, 

3.  Drag  of  multielement  wings. 

4.  Further  development  of  inverse  methods. 

3.  Wake  and  downwaah  prediction  from  3D  multielement  conr: gurations. 

6.  Vortex/boundary  layer  interactions. 

7.  Propulsive  lift  analysis. 

8.  3D  flow  visualization  and  measurement  techniques. 

9.  Modeling  of  swept  wing  leading  edge  flow  with  separation 

10.  Analytical  buffet  prediction 

Further  consents  on  the  above  list  teems  auperflous  in  light  of  the  preceding  discussions  and  the 
authors  want  to  end  this  paper  with  the  hope  that  the  coming  ten  years  will  show  as  spectacular  progress 
aa  the  last  ten. 
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